We propose a multiwavelength thulium-doped fiber laser in a linear cavity stabilized by a highly nonlinear fiber (HNLF). Stable multiwavelength operation at 2 μm was obtained by introducing a 500-m HNLF within the cavity to alleviate mode competition caused by homogeneous gain broadening of the thulium gain medium. The presence of HNLF-induced spectral broadening through the FWM effect helped to increase the number of output channels, with 22 lasing lines observed within a 10-dB bandwidth and optical signalto-noise ratio as high as 30 dB. The laser exhibited power fluctuations of less than 1.325 dB with maximum wavelength dithering of 0.12 nm. This work has demonstrated the use of simple HNLF-integrated linear cavity architecture to generate multiwavelength output without complex nonlinear-based structure.
Introduction
The thulium-doped fiber laser (TDFL) has emerged as the latest revolution in high-power laser technology operating in the 2-μm wavelength band [1] , [2] . Laser generation in this band is particularly attractive as the longer wavelength beam falls under the eye-safer category, making it highly suitable for medical surgery and skin treatment [3] - [6] . Further motivation for the development of lasers operating at 2 μm band is their feasibility for other applications such as wind sensing, gas sensing, temperature sensing, laser range detection, and trans-wafer processing [7] , [8] .
Multiwavelength lasers based on thulium have recently been deployed in areas such as remote sensing, wavelength division multiplexing systems and communication networks [9] , [10] . Different approaches have been proposed to demonstrate multiwavelength laser operation in 2 μm band using methods such as nonlinear amplifier loop mirror [11] , four-wave mixing (FWM) [12] , nonlinear polarization rotation [13] , [14] , phase modulation [15] , and stimulated Brillouin scattering [16] . Although these nonlinear-based methods can generate up to 42 output channels [11] , their structure can be extremely complex and involve numerous components. Some of these methods also require high pump power to generate stable multiwavelength [11] , [14] .
This paper demonstrates multiwavelength output in linear cavity TDFL without complex nonlinearbased structure. The key in our approach is the use of HNLF in the linear cavity to heighten the nonlinear effect and subsequently overcome mode competition. This is accomplished through high FWM effect that helped generate broad gain spectrum for better gain distribution leading to high channel count and increased stability. Up to 35 wavelengths within 20 dB bandwidth were achieved with minimal power and wavelength fluctuations. Additionally, the impact of HNLF to the system was studied with its exclusion exhibiting significant performance deterioration. The lack of FWM effect allowed modes within the gain peak to dominate and reduced the number of stable lasing lines to just two.
Experimental Setup
The experimental setup for the proposed laser is depicted in Fig. 1 . An amplified 1560 nm laser was employed as the pump light. The 1560 nm wavelength was chosen due to its proximity to the peak absorption of thulium around 1600 nm. A 1550/2000 nm wavelength division multiplexer (WDM) connected the pump light to the linear cavity structure. At the common port of the WDM, a 5 m-long thulium-doped fiber (TDF) with cutoff wavelength of 1530 nm, numerical aperture of 0.26, and peak absorption of 200 dB/m at 790 nm, was attached to serve as the gain medium. The reflector on the left side of the cavity was formed solely by an optical circulator (OC1). On the opposite side of the cavity, another optical circulator (OC2)-based loop mirror was employed. Within this loop mirror, a 50 GHz optical interleaver (de-interleaved output of 100 GHz spacing) with average insertion loss of 1.1 dB and a polarization controller (PC) were introduced to serve as a comb filter and to reduce birefringence, respectively. A 500 m section of HNLF with cut off wavelength at 1180 nm, nonlinear coefficient 11.5 (W.km) −1 , group velocity dispersion of −0.06 ps/(nm.km) at 2000 nm, and attenuation of 0.82-dB/km at 1550 nm is sandwiched between the PC and optical interleaver. A 90/10 optical coupler was also placed in the loop mirror to siphon 10% of the laser output out of the cavity for measurement using optical spectrum analyzer (OSA).
As the 1560 nm amplified pump light propagates into the TDF, it initiates population inversion and generates amplified spontaneous emission (ASE), with the forward ASE progressing towards the OC1 loop mirror and reflected back into the TDF again for another round of amplification. Meanwhile, the backward ASE propagates to OC2 loop mirror, making its ways through the PC, HNLF, and, subsequently, into the interleaver, which functions as a multiwavelength seed provider. Part of the signal will be routed into the OSA, while the rest travels back to the thulium gain medium for amplification. Light matching the resonance defined by the interleaver and cavity will continue to oscillate within the system, gaining more power as it passes through the thulium gain medium. Modes with net gain will eventually gain dominance and form lasing lines once the threshold condition is fulfilled. The performance parameters of concern in this study include channel count, power development, optical signal-to-noise ratio (OSNR), and stability.
Results and Discussion
The spectral evolution is depicted in Fig. 2 , which shows the multiwavelength output as the pump power is varied from 200 mW to 2000 mW. First, the pump power was increased to the maximum of 2000 mW. Careful adjustments to the PC were made to ensure the stability of the channels. Once the best output in terms of the highest stable number of channels was obtained, the polarization of the PC was fixed and the spectral performance was investigated at various pump powers. Initial multiwavelength generation is observed around 200 mW pump power. At this pump power, two distinct lasing lines are present but the peak powers are incoherent and unstable due to mode competition in limited gain condition. As the pump power is increased, the multiwavelength spectrum becomes wider with the peak gain region slanted to the longer wavelength region around 1901 nm to 1904 nm. Wavelength spacing between the lasing lines even at varying pump power is fixed around 1.2 nm, which corresponds to the specification of the optical interleaver. Fig. 3 illustrates the multiwavelength output at the highest pump power. Lasing lines near 1901 nm to 1904 nm have higher peak power than the adjacent peaks due to the net gain profile in the cavity. Maximum peak power around −23 dBm is attained that is higher in comparison to the work in [11] and [16] , which recorded respective peak power of −25 and −37 dBm. Observation at 10 dB bandwidth from peak yields 22 lasing lines with peak power above −35 dBm and OSNR of at least 20 dB (noise floor set at −53 dBm). Expanding the observation to 20 dB bandwidth recorded 35 lasing lines with OSNR of more than 10 dB. These counts are substantially better compared to the more complex architectures reported in [12] , [14] - [16] .
Number of channels as a function of pump power is observed to increase as depicted in Fig. 4 . The channel count for 20-dB bandwidth however, increases at a higher rate of about 1.7 channels/ 100 mW compared to the rate of 1.1 channels/100 mW for 10 dB bandwidth. This is attributed to the gain distribution effect of the HNLF which favors transference of power to adjacent lines through FWM instead of peak power amplification. Saturation is induced near 1800 mW for the 20 dB bandwidth, as the gain bandwidth of the thulium reaches its limit. No apparent saturation is observed in the 10 dB channel count, with near-linear gradual progression observed even as the pump power approaches the 2000 mW mark. This is expected as the additional pump power will subsequently raise the channels peak power as the gain bandwidth is constrained. The OSA was replaced with an optical power meter to measure the composite power of the laser. The laser output power growth was observed at different pump powers from 100 mW to 2000 mW at 100 mW intervals. The output power as can be seen in Fig. 5 increases almost linearly immediately after the threshold of 200 mW. The maximum output eventually settles at 0.406 mW at the maximum pump power, leading to a calculated conversion efficiency of 0.02%.
Since stability is one of the key features of a laser, the laser spectrum is recorded every 5 minutes for a total time span of one hour at the maximum pump power of 2000 mW to observe this performance parameter. The peak power and wavelength fluctuations of six channels are plotted in Fig. 6 . These six channels are taken at three different parts of the lasing bandwidth, with two lines at shorter wavelengths of 1880 and 1881 nm, three lines at the central gain region at 1901, 1904 and 1905 nm, and another line at 1913 nm to represent different areas of the gain bandwidth. From the measured data in Fig. 6(a) , the worst peak power fluctuation is at the wavelength of 1881 nm, with up to 1.325 dB observed. In comparison, the highest fluctuation at the tail end of the lasing bandwidth is only about 0.83 dB. This is expected as the net gain favors the longer wavelength thus allowing better stability in that region. Fig. 6(b) illustrates the excellent wavelength stability of the laser lines, with fluctuation of no more than 0.12 nm observed, which is attributed to the use of a physical multiwavelength selector (interleaver).
To highlight the contribution of HNLF in reinforcing multiwavelength generation, the output spectrum with the exclusion of HNLF (see Fig. 7 ) is taken for comparison purposes. The central lasing peak is shifted to shorter wavelength around 1896 nm due to the lower total cavity loss of the system. Four distinctive lasing lines can be seen at all times but the presence of intense mode competition is evident as the channels are plagued with significant power instability and wavelength switching, especially in the two lower power channels. The higher nonlinear coefficient of the HNLF induces higher FWM effect which leads to the initial generation of a broad gain spectrum and, eventually, the transference of power to adjacent lines, hence producing more channels with better stability [17] . On the contrary, the omission of HNLF increases the FWM threshold, allowing the central peak to gain dominance whilst the other channels are subjected to mode competition.
Conclusion
This paper presents a multiwavelength linear cavity TDFL stabilized by HNLF. The presence of HNLF alleviated mode competition, allowing higher stable number of channels to be produced. Thirty five lasing lines with peak power higher than −45 dBm and OSNR of at least 10 dB were generated. The laser exhibited maximum power fluctuation of 1.325 dB and wavelength dithering no larger than 0.12 nm. The work has successfully demonstrated the use of a simple linear cavity design integrating HNLF to generate multiwavelength output without complex nonlinear-based structure.
